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The circadian clock regulates a multitude
of processes, including behavior,
metabolism, and immunity. Hemmers and
Rudensky investigate the cell-intrinsic
requirement for a circadian clock in
adaptive immunity. Lymphocyte-specific
deletion of Bmal1 revealed that the
circadian clock is dispensable for normal
differentiation and function.
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Circadian rhythms regulate many aspects of physi-
ology, ranging from sleep-wake cycles andmetabolic
parameters to susceptibility to infection. The molecu-
lar clock, with transcription factor BMAL1 at its core,
controls both central and cell-intrinsic circadian
rhythms. Using a circadian reporter, we observed
dynamic regulation of clock activity in lymphocytes.
However, its disruption upon conditional Bmal1 abla-
tiondid not alter T- orB-cell differentiation or function.
Although themagnitude of interleukin 2 (IL-2) produc-
tion was affected by the time of bacterial infection,
it was independent of cell-intrinsic expression of
BMAL1. The circadian gating of the IL-2 response
was preserved in Bmal1-deficient T cells, despite a
slight reduction in cytokine production in a competi-
tive setting. Our results suggest that, contrary to the
prevailing view, the adaptive immune response is
not affected by the cell-intrinsic clock but is likely in-
fluenced by cell-extrinsic circadian cues operating
across multiple cell types.
INTRODUCTION
Circadian clocks emerged during evolution to enable uni- and
multicellular organisms to efficiently anticipate and adapt to
environmental changes during day-night cycles (Bass, 2012;
Bass and Takahashi, 2010). Circadian rhythms affect almost
all aspects of physiology, including daily activity patterns
(Bunger et al., 2000), mood regulation (Chung et al., 2014), cell
cycle control (Matsuo et al., 2003), metabolism (Turek et al.,
2005), and immune responses (Curtis et al., 2014; Scheiermann
et al., 2013). In mammals, the central clock is located in the
suprachiasmatic nucleus of the brain. This central pacemaker
integrates light cues and synchronizes peripheral clocks by
various means, including hormone secretion and neurotrans-
mitter release by the sympathetic nervous system (Bell-Peder-
sen et al., 2005).
On the molecular level, the circadian clock consists of a
network of interlocking transcriptional/translational feedback
loops, which operate in a cell-autonomous manner and are
shared by the central and peripheral clocks. The transcriptionCfactors BMAL1 and CLOCK form the core of the central oscilla-
tory loop. The BMAL1:CLOCK heterodimer binds E-box sites
and drives expression of its own repressors Period (Per1-3),
Cryptochrome (Cry1-2), and Rev-Erb (a and b), establishing
24-hr periodicity (Dibner et al., 2010; Koike et al., 2012).
The central role of BMAL1 in circadian biology is underscored
by the complete loss of all rhythmic behavior in mice with
germline Bmal1 deletion (Bunger et al., 2000). The importance
of peripheral clocks operating in a given cell type has been es-
tablished by cell-type-specific deletion of a conditional Bmal1
allele (Storch et al., 2007). For example, circadian control of
gene expression in epidermal stem cells has been implicated
in the maintenance of a pool of dormant stem cells and preven-
tion of premature epidermal aging (Janich et al., 2011). Further-
more, genetic ablation of Bmal1 in pulmonary epithelial cells
results in an altered inflammatory response to bacterial chal-
lenge, whereas adipocyte-specific deletion of Bmal1 has a
strong impact on feeding behavior and body weight (Gibbs
et al., 2014; Paschos et al., 2012).
Circadian effects on the immune system have been exten-
sively documented (Curtis et al., 2014; Haus and Smolensky,
1999; Scheiermann et al., 2013). Early studies described a strong
circadian effect on survival in animal models of sepsis (Halberg
et al., 1960). In addition, the host response to pathogens like Sal-
monella and Listeria is affected by the time of infection. The
circadian clock affects both the magnitude of the inflammatory
response and the clearance of pathogenic bacteria (Bellet
et al., 2013; Nguyen et al., 2013).
Functional circadian clocks have been described in cells of
both the innate and the adaptive immune system (Curtis et al.,
2014; Scheiermann et al., 2013). Both B and T cells express
the core components of the molecular clock machinery (Bollin-
ger et al., 2011; Silver et al., 2012a). T-cell proliferation and cyto-
kine production show diurnal variation (Bollinger et al., 2011;
Fortier et al., 2011). Furthermore, the adaptive response to vacci-
nation has been described to be under circadian control. In this
regard, in mice immunized with a TLR9 ligand-based vaccine,
the magnitude of the adaptive immune response was dependent
on the time of immunization (Silver et al., 2012b). Recently, a
model for cell-intrinsic circadian regulation of TH17 differentia-
tion has been proposed. In this model, the transcription factor
NFIL3 was suggested to act as a repressor of a key driver of
TH17 differentiation nuclear receptor RORgt. The diurnal expres-
sion of NFIL3 is regulated by the circadian network through
direct repression by the BMAL1:CLOCK target REV-ERBa andell Reports 11, 1339–1349, June 9, 2015 ª2015 The Authors 1339
could, therefore, result in circadian oscillation of RORgt-depen-
dent TH17 cell generation (Yu et al., 2013).
The majority of previous studies, which have implicated the
cell-intrinsic clock in different aspects of immune cell function,
relied on the analysis of immune cell subsets isolated from mice
with germline deficiency of a circadian oscillator. Thus, it remains
unknown whether the observed circadian regulation of the adap-
tive immune response is affected by a cell-intrinsic clock or
whether it is due to indirect effects of clocks operating elsewhere.
We addressed thismajor outstanding question by using T- and
B-cell-specific deletion of Bmal1 to characterize the cell-intrinsic
requirement of the circadian clock in cells of the adaptive
immune system. Although our analysis of a circadian reporter
showed dynamic regulation of the molecular clock in T and B
cells, it did not affect their differentiation, and all the observed
circadian effects on adaptive immunity were independent of
cell-intrinsic expression of BMAL1. These results challenge
the notion that lymphocyte-intrinsic clocks are required for
adaptive immune responses and imply that circadian regulation
of adaptive immunity is likely due to circadian molecular signals
emanating from the central clock or peripheral clocks operating
in other cell types.
RESULTS
Expression of a Circadian Reporter Is Dynamically
Regulated in Lymphocytes
To explore the expression of the circadian clock in lympho-
cytes, we utilized a fluorescence-based circadian reporter, the
Per1Venus mouse (Cheng et al., 2009; Janich et al., 2011). Per1
is a direct transcriptional target of the BMAL1:CLOCK hetero-
dimer and serves by itself as a repressor of Bmal1. We analyzed
reporter expression in lymphocyte subsets over a 24-hr period,
sampling mice every 6 hr, starting at Zeitgeber (ZT) 1 (where
ZT0 refers to lights on and ZT12 refers to lights off). We detected
minor circadian regulation of Per1Venus expression in thymo-
cytes, splenic T cells, and B cells, with levels peaking at ZT1
anddropping to their lowest point at ZT19 (Figure 1B; Figure S1C;
data not shown). We also observed a pronounced variation in re-
porter expression, which coincided with progression between
thymic developmental stages. We detected a sharp decline of
PER1Venus expression at the DN-to-DP (CD4/CD8 double-nega-
tive thymocytes to double positive) transition and a rebound as
thymocytes progressed to the CD4SP and CD8SP stages,
respectively (Figures 1A and 1B). To confirm that this dynamic
expression of Per1 during thymic development was related to
the circadian machinery, we purified thymocyte subsets using
fluorescence-activated cell sorting (FACS) and assessed the
expression of Bmal1 mRNA by qPCR analysis (Figures 1C and
S3). As expected, Bmal1 expression peaked at the DP stage
when PER1 levels were the lowest, since BMAL1 represents
the positive limb of the clock and PER1 represents the negative
limb. When we analyzed thymic development in even greater
detail, we observed that the increase in PER1Venus levels coin-
cided with positive selection, one of the major checkpoints in
T-cell development (Figure S1A).
Next, we assessed whether this dynamic regulation of the
circadian clock was observable during B-cell development in1340 Cell Reports 11, 1339–1349, June 9, 2015 ª2015 The Authorsthe bone marrow. Analogous to thymocyte development, we
detected dynamic regulation of PER1Venus levels during B-cell
development, with a sharp increase of reporter expression at
the Hardy fraction C-to-C’ transition, which coincides with the
pre-BCR (B-cell receptor) checkpoint (Figure S1B) (Hardy
et al., 1991). These data suggested a potential role for themolec-
ular circadian clock in lymphocyte development. Alternatively, it
was possible that the cell-intrinsic circadian clock, while oper-
ating in cells of the adaptive immune system, was inconsequen-
tial in functional terms.
Bmal1B-KO Mice Have Normal B-Cell Development and
Function
To assess whether the circadian clock machinery is required
for B-cell development and function, we generated mice with a
B-cell-specific deletion of Bmal1 (mb1CRE/Bmal1LoxP/LoxP, here-
inafter referred to as Bmal1B-KO). Deletion of BMAL1 in splenic B
cells was confirmed by immunoblotting and qPCR (Figure S2A;
data not shown). Bmal1B-KO mice had normal cell numbers
in the bone marrow, spleen, and lymph nodes (Figure S2B).
B-cell development in the bone marrow was unperturbed (Fig-
ure S2C). When we compared the distribution of various B-cell
subsets in the spleen, lymph nodes, and peritoneal cavity, we
did not observe any differences between wild-type (WT) and
Bmal1B-KO mice (Figures S2D and S2E; data not shown).
Bmal1-deficient B cells matured into germinal center B cells
and plasma cells (Figure S2F) and underwent class-switch
recombination and affinity maturation upon immunization with
sheep red blood cells as efficiently as their WT counterparts
(data not shown). Thus, our results suggest that B-cell differenti-
ation or function is unaffected by a cell-intrinsic circadian clock.
T-Cell Differentiation and Function Are Unperturbed in
the Absence of BMAL1
Since we observed dynamic expression of components of
the molecular clock during thymic differentiation, we gener-
ated mice with a T-cell-specific deletion of Bmal1 (Cd4CRE/
Bmal1LoxP/LoxP, hereinafter referred to as Bmal1T-KO). Efficient
deletion of Bmal1 was confirmed by qPCR and immunoblotting
for BMAL1 in total thymocytes (Figures 1D and S3A). We also as-
sessed the effect of Bmal1 deletion on the expression of other
core clock genes in developing thymocytes, which revealed dis-
rupted expression of Rev-Erbb and affected Clock, Per2, and
DbpmRNA expression (Figure S3). We analyzed T-cell develop-
ment in the thymus and did not observe a difference in frequency
or numbers of developing thymocytes (Figure 1E; data not
shown).
A recent study had proposed that the BMAL1:CLOCK hetero-
dimer plays an important role in the differentiation of TH17 cells
due to REV-ERBa-mediated repression of Nfil3, a newly identi-
fied repressor of RORgt, a key determinant of TH17 cell differen-
tiation (Yu et al., 2013). Based on these findings, we expected to
observe impaired TH1 and TH17 differentiation in Bmal1
T-KO
mice. However, when we analyzed the distribution of interferon
g (IFNg)- and IL-17A-producing T cells in the spleen and lamina
propria of the large intestine, we observed similar numbers
of IFNg-producing TH1 and IL-17-producing TH17 cells in
Bmal1T-KO and littermate control mice (Figures 1F and 1G). We
Figure 1. Dynamic Regulation of Circadian Reporter Expression during Lymphocyte Development but T-Cell-Specific Deletion ofBmal1Has
No Effect on T-Cell Development
(A) PER1Venus expression in thymocytes was analyzed by flow cytometry. The gated populations in the left plot correspond to the histogram overlay in the right
plot (DN, red line; DP, blue line; CD4SP, green line; and CD8SP, orange line).
(B) Data as in (A) plotted for individual mice (n = 2–3 animals per time point) analyzed at four time points (ZT1, ZT7, ZT13, and ZT19).
(C) Bmal1 expression analysis in FACS-purified thymocyte populations from three individual mice. Expression is shown relative to the DN population.
(D) BMAL1 protein levels were assessed by western blotting in lysates from total thymus of WT or Bmal1T-KO mice. Equal loading was confirmed by b-actin
expression.
(E) Thymocyte development is unperturbed in Bmal1T-KO mice.
(F and G) IFNg and IL-17A production in CD4+ T cells after aCD3/aCD28 stimulation in spleen (F) and large intestine LPL (G) is not affected by BMAL1 deficiency.
(H) Frequencies of RORgt-expressing CD4+ T cells in small and large intestine LPL are unchanged in Bmal1T-KO mice.
Error bars in (B) represent mean ± SEM. Error bars in (C) and (E–H) represent mean ± SD. All data are representative of at least three individual experiments.
See also Figures S1 and S3.
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also found comparable expression of FOXP3 andRORgt in CD4+
T-cell subsets in the lamina propria of these mice (Figure 1H;
data not shown).
In addition, we generated mice with a T-cell-specific deletion
of the Clock gene and mice with a combined Bmal1 and Clock
deficiency in T cells. Similar to the Bmal1T-KO mice, mice
harboring CLOCK/BMAL1 double-deficient and CLOCK single-
deficient T cells had no observable defects in thymocyte differ-
entiation and generation of peripheral T cells. Moreover, the
splenic and intestinal lamina propria CD4+ T cells from these
mice produced comparable amounts of IFNg and IL-17A (data
not shown). These observations indicate that T-cell-specific
BMAL1 deficiency does not affect T-cell differentiation and
function and that it cannot be compensated for by CLOCK
expression.
Susceptibility to Experimental Autoimmune
Encephalomyelitis Is Unaffected by T-Cell-Restricted
Bmal1 Deficiency
Even though we did not detect a defect in TH17 differentiation in
unchallenged Bmal1T-KO mice, it remained possible that, upon
challenge, generation of TH17 effector cells fromBmal1-deficient
precursors was impaired. We tested the generation of patho-
genic TH17 cells in experimental autoimmune encephalomyelitis
(EAE), a mouse model of multiple sclerosis. Upon immunization
with MOG peptide, both groups of mice started to show symp-
toms of ascending paralysis on day 8. Disease progressed
comparably in Bmal1T-KO and littermate control WT mice (Fig-
ure 2A). Analysis of leukocyte infiltration in the CNS at day 22
did not reveal any differences between the groups (Figures 2B
and 2C). Moreover, IFNg and IL-17A production by CD4+
T cells in the CNS was unaffected by T-cell-specific ablation of
Bmal1 (Figures 2D–2F). Thus, we did not detect any defect in
the generation of TH1 or TH17 cells in Bmal1
T-KO mice in the
steady state or in an autoimmune setting.
T Cells Show Only Minor Oscillation of the Molecular
Circadian Clock
Since BMAL1 deficiency had no discernable impact on lympho-
cyte differentiation, we took a closer look at the molecular com-
ponents of the circadian machinery in T lymphocytes and how
they are impacted by the loss of BMAL1. We analyzed expres-
sion of the core components of the circadian clock in thymus
and splenic CD4+ T cells over a 24-hr period in control and
Bmal1T-KO animals. As a positive control, we analyzed time-
dependent modulation of clock-regulated transcripts in the liver.
As expected, we detected robust cycling of all clock-related
transcripts in the liver (Figures 3A–3D, left panels; Figure S4,
left panels). In contrast, analysis of the expression of the clock
machinery in the thymus did not reveal robust oscillation of any
of the transcripts. Nevertheless, BMAL1 deficiency significantly
reduced expression of Rev-Erba and Rev-Erbb (Figures 3B
and S4B). Splenic CD4+ T cells displayed minor oscillations of
the Bmal1 and Rev-Erba transcripts (Figures 3A–3D). Similar to
the thymus, the expression of Rev-Erba and Rev-Erbb was
severely reduced in CD4+ T cells purified from Bmal1T-KO mice;
however, the remaining Rev-Erba transcript maintained its oscil-
lation in a BMAL1-independent manner (Figure 3D). This minor1342 Cell Reports 11, 1339–1349, June 9, 2015 ª2015 The Authorsoscillation of the Rev-Erba transcript was maintained in the
absence of BMAL1, likely due to extrinsic circadian factors.
These data indicate that lymphocytes do not have a synchro-
nized circadian clock. However, it remained possible that the
clock could still be functional on the single-cell level and become
synchronized during an inflammatory challenge when a coordi-
nated response might be beneficial.
Time of Infection Has a Minor Impact on the Acute
Antiviral Response of BMAL1-Sufficient and -Deficient
T Cells
Therefore, we sought to compare T-cell responses to acute viral
infection in thesemice.We infectedWT andBmal1T-KOmice with
lymphocytic choriomeningitis virus (LCMV) either at ZT1 or at
ZT13 and analyzed the animals at the peak of infection. Splenic
cellularity was comparable between the experimental groups
and was independent of time of infection (Figure 4A). We as-
sessed the virus-specific CD8+ T cell responses by tetramer
staining and flow cytometric analysis (Figure 4B). The magnitude
of the antiviral response was comparable for all experimental
groups for both the gp33 and the np396 epitopes (Figure 4C).
Cytokine production by virus-specific T cells was characterized
by ex vivo re-stimulation with virus-specific peptides. No differ-
ences were observed in IFNg, tumor necrosis factor a (TNFa),
or interleukin 2 (IL-2) production between the experimental
groups (Figure 4D; data not shown). Polyclonal stimulation with
phorbol 12-myristate 13-acetate (PMA) and ionomycin revealed
a slight but statistically significant decrease in TNFa-producing
CD8+ T cells when mice had been infected at ZT13 as compared
to ZT1 (Figure 4E). This decrease was dependent on the time of
infection but independent of Bmal1 expression in T cells. This
circadian time-dependent reduction in TNFa production was
not observed in uninfected animals (Figure 4F). No such effects
were observed for IFNg or IL-2 production by T cells (Figures
S5A–S5C).
Circadian Effects on IL-2 Production during Listeria
Infection Are Independent of Bmal1 Expression in
T Cells
To further explore a role for cell-intrinsic clock deficiency in
clonal expansion and effector function of antigen-specific
CD8+ T cells, we generated OTI TCR transgenic Bmal1T-KO
mice. We confirmed efficient Bmal1 deletion by qPCR.
BMAL1-deficient OTI cells displayed deregulated expression of
the circadian clock genes Per2, Rev-Erba, and Rev-Erbb (Fig-
ure S6A). To assess function of these cells in response to a
bacterial pathogen, we co-transferred highly purified naive
BMAL1-sufficient and -deficient OTI CD8+ T cells into congeni-
cally marked recipients and infected them with a Listeria mono-
cytogenes strain expressing OVA (Lm-OVA) at ZT2 and ZT14. All
animals were analyzed 7 days later (Figure S6B). This experi-
mental setup allowed a pairwise comparison of OTI cells with
and without a cell-intrinsic circadian clock in the same environ-
ment. At the same time, we were also able to study the effect
of time of infection on the host response.
When we analyzed the effect of time of infection on the
host CD4+ and CD8+ T-cell responses, we noticed a striking
difference in IL-2 secretion by both cell types upon in vitro
Figure 2. T-Cell-Specific BMAL1 Deficiency Has No Impact on Experimental Autoimmune Encephalomyelitis Disease Susceptibility
(A) Disease severity was scored on a daily basis starting at day 7 after immunization. Mean score ± SEM is plotted (WT = 9 mice; Bmal1T-KO = 7 mice). Mice were
analyzed on d22 post-immunization.
(B) Immune infiltration of the CNS (pooled brain and spinal chord) was assessed by counting CD45+ lymphocyte infiltrates at d22 post-immunization.
(C) Frequencies of CNS-infiltrating CD4+, CD8+, and Treg cells are comparable between WT and Bmal1T-KO mice.
(D) Representative FACS plot of cytokine production of CD4+Foxp3 T cells infiltrating the CNS (aCD3/aCD28 stimulation).
(E and F) IFNg and IL-17A production by CNS-derived T cells upon aCD3/aCD28 (E) or MOG peptide stimulation (F). Frequencies are represented in the upper
panels, total numbers are represented in the lower panels.
Error bars represent mean ± SD in (B), (C), (E), and (F). All data are representative of two individual experiments.re-stimulation. The frequency of IL-2 producers was more than
2-fold higher at ZT2 when compared to ZT14 (Figures 5A and
5B). Re-stimulation with PMA and ionomycin or with OVA andCLLO peptides yielded similar results (Figures S7A–S7D). In
contrast to IL-2, IFNg and TNFa production by T cells was not
affected by time of infection (Figure 5B). Analysis of cytokineell Reports 11, 1339–1349, June 9, 2015 ª2015 The Authors 1343
Figure 3. Circadian Oscillation of the Molecular Clock in T Cells Is Minor Compared to Liver
Liver (left panel), thymus (middle panel), and CD4+ splenocytes (right panel) were harvested from control and Bmal1T-KO mice at the indicated time points. RNA
was processed, reverse transcribed, and analyzed by qPCR. Expression (2-ddCt) of Bmal1 (A) and Rev-Erba (B) is shown relative to the WT 7 a.m. time point.
Expression ofRev-Erba is significantly lower in thymus and CD4+ splenocytes at all time points analyzed. To visualize oscillation of the transcripts independent of
gene expression, the data from (A) and (B) were calculated as percentage of mean for each individual mouse and time point for Bmal1 (C) and Rev-Erba (D). Data
were gathered from 3–6 mice per group. Error bars represent mean ± SEM.
See also Figure S4.production by the transferred OTI cells in response to re-stimu-
lation with OVA peptide, revealed a slight competitive disadvan-
tage for BMAL1-deficient OTI cells when compared to BMAL1-
sufficient cells in the same host in two out of three experiments
(Figures 5C–5E). In a third experiment, there was no competitive
disadvantage between Bmal1-deficient OTI and control cells,
suggesting that the effect of Bmal1 deficiency is at best very mi-
nor and, if observable, is limited to an experimental competitive
setting. Notably, the circadian gating of the IL-2 responsewas in-
dependent of BMAL1 in these experiments, in agreement with1344 Cell Reports 11, 1339–1349, June 9, 2015 ª2015 The Authorsthe analysis of polyclonal T-cell responses to LCMV infection
(Figure 5D).
We also analyzed single transfer of WT and Bmal1T-KO OTI
cells into congenically marked hosts followed by Lm-OVA infec-
tion at ZT2 and ZT14. In this experimental setting, we also
observed the circadian gating of the IL-2 response (Figure 5G);
no differences in IFNg or TNFa production between WT and
Bmal1-deficient OTI cells were detected (Figures 5F–5H). These
studies showed that the cell-intrinsic circadian clock does not
affect generation of effector T cells and their responses to
Figure 4. Circadian Time of Infection Has a Minor Effect on Acute Antiviral T-Cell Response
(A) Total splenocyte counts on d7 post-LCMV-Armstrong infection at ZT1 and ZT13 in WT or Bmal1T-KO mice.
(B) Representative FACS plots of the antiviral CD8+ T-cell response assessed by gp33-specific tetramer staining at ZT1 and ZT13.
(C) The magnitude of the virus-specific CD8+ T-cell response is comparable between WT and Bmal1T-KO cells and not affected by time of infection.
(D) Virus-specific IFNg production by CD8+ cells (left panel) and CD4+ T cells (right panel) is comparable in all groups analyzed.
(E) The time of infection impacts the CD8+ T-cell-specific TNFa response independent of BMAL1-expression in T cells. *p < 0.05; **p < 0.01; significantly different
from ZT1 as per unpaired Student’s t test.
(F) The CD8+ T-cell-specific TNFa response in uninfected mice is not affected by circadian time of analysis.
Error bars represent mean ± SD in (A) and (C–F). All data are representative of at least two individual experiments.
See also Figure S5.pathogens and that circadian gating of IL-2 production is likely a
consequence of diurnal oscillations of clock activity in other im-
mune or non-immune cell types.
DISCUSSION
The circadian oscillator emerged in unicellular organisms to
enable anticipation of environmental changes within a 24-hr
light-dark cycle and their coordinationwithmetabolic processes.
In mammals, daily rhythms are driven by signals emanating from
a circadian pacemaker in the suprachiasmatic nucleus (SCN) of
the hypothalamus. Synchronization of the SCN neurons, which is
a prerequisite for efficient entrainment by 24- hr light-dark cy-
cles, is achieved through robust intercellular coupling partially
through neurotransmitters (Aton and Herzog, 2005; Gonze
et al., 2005; Yamaguchi et al., 2003). This central pacemaker en-Ctrains ubiquitously expressed peripheral clocks operating across
different cell types (Dibner et al., 2010; Mohawk et al., 2012; Re-
ppert and Weaver, 2002).
The pervasive circadian control of diverse biological pro-
cesses in mammals includes immunity to infections and inflam-
mation (Curtis et al., 2014; Scheiermann et al., 2013). This regu-
lation can be executed by both the central clock and the
peripheral clocks. The molecular components of the circadian
oscillators are expressed in primary and secondary lymphoid tis-
sues, including thymus, spleen, and lymph nodes, indicative of
the presence of functional peripheral clocks (Bollinger et al.,
2011; Keller et al., 2009). Indeed, using a Per1Venus fluorescent
clock reporter, we found that cells of the adaptive and innate im-
mune system express functional circadian clock machinery in
agreement with previous reports by others. Consistent with
these observations, selective deletion of a Bmal1 conditionalell Reports 11, 1339–1349, June 9, 2015 ª2015 The Authors 1345
Figure 5. Listeriamonocytogenes-Elicited IL-2 Production Is Sensitive toCircadian Timeof Infection but Independent ofBmal1Expression in
T Cells
(A) Representative FACS plots of IL-2 production by CD4+ (upper panels) and CD8+ T cells (lower panels) at d7 post Lm-OVA infection at ZT2 versus ZT14.
(B) Summary of data from (A). Cytokine response was measured after aCD3/aCD28 stimulation ex vivo (upper panel: CD4+ T cells; lower panel: CD8+ T cells).
(C–E) In (C and D), paired analysis is shown of co-transferred WT (black squares) or Bmal1T-KO OTI cells (blue squares) at d7 post-Lm-OVA infection after re-
stimulation with OVA peptide. (C and E) Paired comparison of co-transferred cells showed significant differences in IFNg and TNFa production (paired Student’s
t test). (D) Pairwise comparison revealed significant differences in IL-2 production at ZT2 (paired Student’s t test), as well as significant differences in IL-2
production at ZT2 versus ZT14 (unpaired Student’s t test).
(F–H) Single transfer of WT or Bmal1T-KO OTI cells was analyzed at d7 post-Lm-OVA infection for IFNg (F), IL-2 (G), and TNFa (H) production. IL-2 production was
significantly different at ZT2 versus ZT14 (unpaired Student’s t test).
Error bars represent mean ± SD in (B–H). All data are representative of at least two individual experiments. ***p < 0.001; ****p < 0.0001.
See also Figures S6 and S7.
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allele in myeloid cells revealed a cell-intrinsic requirement for
the circadian clock in inflammatory monocyte maintenance pat-
terns. Disruption of the clock abolished diurnal oscillation of Ly6-
chi monocytes and led to exacerbated tissue damage in acute
and chronic inflammation (Nguyen et al., 2013). These observa-
tions raised the possibility that circadian regulation of immunity
involves the integration of signals from the central clock, periph-
eral clocks operating in innate and adaptive immune cell types,
and non-immune cells.
Circadian control of antigen-specific immune responses has
been suggested by several studies. Time of inoculation with a
TLR9 ligand-based vaccine had an impact on the magnitude
of the adaptive response (Silver et al., 2012b). Similarly, the
timing of immunization with peptide-loaded dendritic cells had
a significant impact on the magnitude of the T-cell response
(Fortier et al., 2011). Although these studies have not directly
explored the contribution of extrinsic versus intrinsic clocks in
immune cells to the diurnal modulation of T-cell responses,
they implied that the observed effects are dependent on the
T-cell-intrinsic clock in agreement with the aforementioned
notion.
However, it is also possible that the functional coupling of the
cell-intrinsic clock in cells of the adaptive immune system, i.e., T
and B lymphocytes, with the central clock or peripheral clocks
operating elsewhere is dispensable. For example, it was long
considered that clocks operating in different plant tissues are un-
coupled or only weakly coupled (Thain et al., 2000; Wenden
et al., 2012), although a very recent study revealed asymmetric
regulation of clocks in the vasculature and mesophyll tissue in
Arabidopsis (Endo et al., 2014).
To address these questions and to explore potential roles of
cell-intrinsic circadian clocks in cells of the adaptive immune
system, we generated mice with B- and T-cell-specific deletions
of a conditional Bmal1 allele, respectively. Even though we
observed pronounced regulation of the molecular clock activity
during B-cell and T-cell differentiation, cell-type-specific dele-
tion of BMAL1, the core transcription factor of the clock, did
not perturb B-lymphocyte maturation in the bone marrow and
had no effect on T-cell differentiation in the thymus. Consistent
with these observations, peripheral subsets of T and B cells
were unaffected by BMAL1 deficiency. Furthermore, T cells ex-
hibited only minor circadian oscillation of the clock-dependent
transcripts, despite expression of all components of the molec-
ular clock in a BMAL1-dependent fashion.We also observed that
immune responses to both viral and bacterial infections were
indistinguishable in mice with a T-cell-specific deletion of
Bmal1. During infection, we found comparable expansion and
IFNg production by BMAL1-sufficient and -deficient CD4 and
CD8 T cells specific for LCMV and Listeria monocytogenes anti-
gens. In addition, differentiation of virus-specific memory T cells
was also unaltered (data not shown). Furthermore, we found
comparable antigen-specific antibody responses in mice with
a B-cell-specific deletion of Bmal1. These findings suggest
that the cell-intrinsic circadian clock is dispensable for normal
T and B lymphocyte function.
Recently, it has been proposed that TH17 cell differentiation in
the gut is subject to circadian regulation (Yu et al., 2013). This
study suggested that transcription factor NFIL3 directly re-Cpresses transcription of Rorc1, whose product—nuclear recep-
tor RORgt—serves as a lineage specification factor of TH17 cells.
NFIL3 itself is a part of the circadian clock, and NFIL3 diurnal
oscillation is regulated through its direct repression by the
BMAL1:CLOCK target REV-ERBa. NFIL3-deficient mice were
shown to exhibit elevated splenic and small intestine lamina
propria TH17 cell numbers, and transfer of NFIL3-deficient naive
T cells into Rag1-deficient mice revealed enhanced differentia-
tion of NFIL3-deficient T cells into TH17 cells (Yu et al., 2013).
However, we found that T-cell-specific BMAL1 deficiency had
no effect on TH17 differentiation in the small intestine, the main
site of TH17 generation in unchallenged mice, and in a setting
of TH17-mediated autoimmune inflammation in the CNS, i.e.,
EAE induced upon MOG peptide immunization. These results
suggest that TH17 differentiation is independent of the cell-
intrinsic clock activity in T cells and that the reported repression
of TH17 differentiation by NFIL3 is most likely independent of its
diurnal regulation.
Several studies have described a diurnal variation in inflamma-
tion-induced tissue pathology, with one aforementioned study
showing a clear requirement for the cell-intrinsic clock in myeloid
cells (Bellet et al., 2013; Halberg et al., 1960; Nguyen et al., 2013).
Thus, it was possible that, although we did not detect a notice-
able impact of the cell-intrinsic clock in T and B lymphocytes,
at least some lymphocyte responses to viral or bacterial patho-
gensmight reveal circadian pattern due to clocks operating else-
where. Indeed, our analysis of mice infected at different times of
day revealed circadian gating of T-cell-mediated cytokine pro-
duction. During LCMV infection, we observed a reproducible
decrease in TNFa production by CD8+ T cells on day 7 post-
infection, when mice had been infected at ZT13 in comparison
to ZT1 infection. Upon infection with Listeria monocytogenes,
we also observed circadian gating of the IL-2 response in CD4
and in CD8 T cells. However, in both instances, the observed
diurnal variation of cytokine production was independent of the
T-cell-intrinsic expression of Bmal1. These results imply that
an apparent diurnal pattern of some T-cell responses is due to
their integration into circadian oscillation by signals emanating
from the central clock, like glucocorticoids, or from peripheral
clocks operating in innate immune cells or non-immune cell
types.
Thus, our findings support a model in which the intrinsic clock
in myeloid cells plays a prominent role in innate immunity, likely
because these responses take effect within minutes to hours
after pathogen encounter, a timescale comparable to diurnal
clock oscillations. These innate responses afford essential pro-
tection of the host upon pathogen encounter, which most likely
occur during the active phase regulated by the central clock. In
contrast, cells of the adaptive immune system operate on a
much longer timescale. In this regard, thymic T-cell maturation
takes days to weeks (Yates, 2014), whereas differentiation of
naive T cells into pathogen-specific effector cells occurs on a
scale of days (Iezzi et al., 1998). Therefore, it seems fitting that
the adaptive responses of T and B cells are unaffected by their
cell-intrinsic clocks but rather can be impacted by cell-extrinsic
diurnal signals affecting the numbers or activation status of
antigen-presenting cells or soluble factors like cytokines and
hormones.ell Reports 11, 1339–1349, June 9, 2015 ª2015 The Authors 1347
EXPERIMENTAL PROCEDURES
Animals
Mice were housed under specific pathogen-free (SPF) conditions at Memorial
Sloan Kettering Cancer Center in accordance with institutional guidelines. Un-
less otherwise noted, 6- to 10-week-old sex-matched mice were used for all
experiments. Bmal1LoxP/LoxP, Cd4CRE, OTI TCR transgenic, and Rag2KO
mice have been described and were purchased from The Jackson Laboratory
(Hao and Rajewsky, 2001; Hogquist et al., 1994; Lee et al., 2001; Storch et al.,
2007). A. Tarakhovsky provided mb1CRE mice, and K. Obrietan provided
Per1VENUS mice (Cheng et al., 2009; Hobeika et al., 2006).
Lymphocyte Preparation
Single-cell suspensions of spleen, lymph nodes, thymus, and Peyer’s patches
were prepared by disruption of the tissue between glass slides and filtration
through a 100-mm membrane. Lymphocyte isolation from tissues was per-
formed as previously described (Feng et al., 2014).
Flow Cytometry
The following fluorophore-conjugated antibodies were used: CD4 (RM4-5),
CD8 (5H10; 53-6.7), CD45.1 (A20), CD45.2 (104), TCRVa2 (B20.1), TCRVb5
(MR9-4), CD62L (MEL-14), CD44 (IM7), TCRb (H57-597), B220 (RA3-6B2),
CD19 (MB19-1; 1D3), IgM (11/41), IgD (11-26c), CD43 (1B11), Klrg1 (2F1),
CD127 (A7R34), Foxp3 (FJK-16 s), IL-17A (eBio17B7), IFNg (XMG1.2), TNFa
(MP6-XT22), IL-2 (JES6-5H4), and RORgt (Q31-378) (eBioscience, Life
Technologies, BioLegend, BD Biosciences, and Tonbo Biosciences). Major
histocompatibility complex (MHC) class I monomers of H-2Db complexed
with NP396–404 and GP33–41 (NIH Tetramer Core) were tetramerized with
PE-conjugated streptavidin (Molecular Probes). All intracellular staining was
performed using the eBioscience Foxp3/Transcription Factor Fixation/Perme-
abilization Buffer Set. All samples were stained with LIVE/DEAD Fixable
Yellow Dead Cell Stain (Molecular Probes) to exclude dead cells. Samples
were analyzed on a BD LSR II flow cytometer (BD Biosciences), and
data were processed with FlowJo software (TreeStar). To analyze cytokine
production, single-cell suspensions were stimulated for 4–5 hr at 37C with
soluble anti-CD3 (5 mg/ml; 2C11; BioXCell) and anti-CD28 (5 mg/ml; 37.51;
BioXCell), with PMA (50 ng/ml) and ionomycin (500 ng/ml), or with specific
peptides (described later; 1 mg/ml) in the presence of 1 mg/ml brefeldin A
(Sigma).
qPCR
To perform qRT-PCR, total RNA was prepared from FACS-sorted thymocytes
or naive OTI cells using the TRIzol reagent (Life Technologies). The RNA
was reverse transcribed into cDNA with qScript cDNA SuperMix (Quantas
Biosciences). qPCR was performed on an ABI PRISM7700 cycler (Applied
Biosystems) using the Power SYBR Green PCR master mix (Applied Bio-
systems) with the following primers (F, forward; R, reverse): Bmal1: F,
GTGCTAAGGATGGCTGTTCA and R, CGGTCACATCCTACGACAAA; Clock:
F, CCTGGTAACGCGAGAAAGAT and R, CGAATCTCACTAGCATCTGACTGT;
RevErbb: F, GGAGTTCATGCTTGTGAAGGCTGT and R, CAGACACTTCT
TAAAGCGGCACTG; Hprt (Sandler et al., 2003); Per1, Per2, RevErba, and
Dbp (Hayashi et al., 2007).
LCMV Infection, Listeria monocytogenes Infection, and EAE
Induction
Mice were infected intraperitoneally (i.p.) with 2 3 105 plaque-forming units
(PFUs) of LCMV Armstrong at ZT1 or ZT13 and analyzed on day 7 after
infection. Antiviral T-cell responses were monitored by measuring cytokine-




EFD), NP396–404(FQPQNGQFI), and NP309–328(SGEGWPYIACRTSVVGRAWE).
Mice were infected intravenously (i.v.) with 5 3 104 to 1 3 105 CFUs of
Lm-OVA at ZT2 or ZT14 and analyzed on day 7 post-infection. The
pathogen-specific cytokine response was assessed by re-stimulation with
OVA257–264 (SIINFEKL) or LLO190–201 (NEKYAQAYPNVS) peptides. 1 3 10
5
naive OTI cells were transferred (i.v.) into congenically marked recipients
at least 7 hr prior to infection. OTI cells were enriched from pooled spleen1348 Cell Reports 11, 1339–1349, June 9, 2015 ª2015 The Authorsand lymph nodes using the Dynabeads FlowComp Mouse CD8 Kit
(Life Technologies) and sort-purified on a FACS Aria II Cell Sorter (BD
Biosciences).
EAE was induced by immunization with 0.1 mg myelin oligodendrocyte pro-
tein-derived peptide 35–55 (MOG35–55, MEVGWYRSPFSRVVHLYRNGK, Gen-
Script) emulsified in Complete Freund’s Adjuvant (Sigma) subcutaneously
(s.c.), followed by two doses of 150 ng pertussis toxin (List Biological Labora-
tories) i.p. on day 2 and day 4 post-immunization. Mice were monitored for
signs of disease as previously described. Animals were analyzed on day 21
post-immunization (Stromnes and Goverman, 2006).
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